An autolysin obtained from culture fluid of Staphylococcus aureus strain 8507 was purified 3,000-fold. One milligram of this preparation (S-5DL) will solubilize 12 mg of cell wall in 1 hr. The major activity is N-acetylmuramyl-L-alanine amidase. Recovery of lytic activity in the purified preparation was repeatably only 20% of the starting level. This suggests that other cell wall lytic enzymes may be present in the starting material. The S-5DL enzyme has been compared to freeze-thaw extracted enzyme (AFZ). Both enzymes precipitate in 0.01 M KPO4 (pH 6.0) and dissolve in 0.1 to 0.7 M NaCl. Fifty per cent of the AFZ activity and 66% of the S-5DL activity bind rapidly to cell walls of S. aureus at 0 C in the presence of magnesium ion. None of the AFZ activity and 66% of the S-5DL activity bind to cell walls at 0 C in the absence of magnesium ion. The cell walls of nine different strains of S. aureus were compared for level of native autolysin activity. These same walls after inactivation of the native autolysin were tested for susceptibility to the S-5DL enzyme.
70 ml of water and centrifuged for 3 hr at 81,000 X g. The precipitate was resuspended to 100 ml (P-2) for assay. The supernatant fraction (S-2) was rapidly decanted; the pH was adjusted to 6.5 with 2 N KOH and placed in two 20-inch lengths of ca. 1.38-inch dialysis tubing with a marble in each section. The tubing sections were placed in two plastic cylinders on a rocking platform (6 cycles per min) and dialyzed against 1,500 ml of 0.01 M KPO4 (pH 6.5). The buffer was changed three times on the first day and then daily for 4 to 5 more days, until a total of 12 liters of buffer had been used. The dialyzed enzyme (S-2D) was centrifuged for 3 hr at 94,000 X g. The supernatant fraction (S-3) was decanted; the precipitate (P-3) was resuspended to a final volume of 10 ml with 0.01 M KPO4 (pH 6.5) in a 10-ml polycarbonate tube and centrifuged for 3 hr at 81,000 X g. The supernatant (S-4) was discarded and the centrifuge tube was washed with 0.5 ml of 0.01 M KPO4 (pH 6.5), care being taken not to lose any precipitate. The precipitate (P-4) was resuspended in 0.6 ml of 0.01 M KPO4 (pH 6.5) by using a small glass Tenbrook homogenizer. A 0.6-ml amount of 0.01 M KPO4-1.4 M NaCI (pH 7.0) was added to the resuspended P4 to dissolve it, and the mixture was centrifuged for 30 min at 81,000 X g. A small-scale rotating dialysis device was prepared as follows. A 2-inch square of dialysis membrane was placed on the lower end of a 40 mm (length) by 29 mm (inner diameter) section of glass tubing which had been carefully fire-polished. An 0-ring (inner diameter, about 2 mm smaller than the outer diameter of the glass tubing) was placed under the membrane and forced up over the glass tubing. This procedure pulls the membrane tightly over the lower end of the tubing. The supernatant (S-5) was removed and placed on the inner surface of the dialysis membrane. The device was lowered into 0.002 M ammonium acetate (pH 6.5) until the liquid level was even with the 0-ring and then rotated at 600 rev/min around its vertical axis for 90 min. The buffer was changed three times. The dialyzed solution (S-SD) was lyophylized and stored at -20 C over anhydrous magnesium perchlorate under a vacuum. Lyophylized enzyme (S-SDL) stored in this manner has not lost activity in 6 months.
In an alternate procedure, S-5 was precipitated by the addition of 0.6 g of ammonium sulfate per ml of solution. Such ammonium sulfate-precipitated preparations (S-SA) lost activity at the rate of 50% per month when stored at 5 C. A flow sheet of the purification and alternate purification procedure is shown in Fig. 1 .
Enzyme at the P-1, S-2, S-2D, P-3, and P4 stages was quite stable and could be stored frozen or at 5 C. The pH at which S-2 is dialyzed is important. In a preliminary experiment, the supernatant fraction (S-2) was dialyzed for 2 hr against 0.01 M KPO4 at pH values of 6.1, 6.5, and 6.9 followed by centrifugation for 15 hr at 34,000 rev/min in a Spinco SW 39 rotor. The overall enzyme recovery was 66, 82, and 36%, respectively. Recovery in the precipitate was 56, 71, and 23%, respectively.
Preparation of the ammonium sulfate precipitate of S. aureus 8507 whole cell freeze-thaw extract (AFZ) was as previously described (6) .
Preparation of cell walls. Native cell walls (CWN) were prepared by sucrose gradient fractionation (6) . Treatment with formaldehyde (6) completely inactivated cell wall-bound autolysins in all the cell wall preparations studied. Formaldehyde-treated cell walls were found to be inhibitory to the purified lytic enzyme even after several washes in buffer. Such inhibition could be prevented if the formaldehydetreated cell walls were washed free of the sucrose in which they were stored, suspended in 0.1 mg of albumin (bovine serum albumin; Armour Pharmaceutical Co.) per ml in 0.001 M KPO4 (pH 6.0), centrifuged, and resuspended in the same solution. These albumin-treated cell walls (CWB) were either used immediately or stored in 20% sucrose-i M KCI.
Cell walls used to demonstrate the mode of action of the lytic enzyme were prepared as usual through the formaldehyde treatment. They were then incubated with 0.1 M sodium pyrophosphate buffer (pH 9.2) at 37 C for 6 hr (18) . Longer treatment failed to remove more alanine. Such formaldehyde and pyrophosphate treated cell walls (CWO) were lysed by the purified enzyme S-SDL at 1.5 times the rate as CWB cell walls.
Lytic assay. The reaction mixture used for assay of the enzyme consisted of 40 pmoles of MgCl2, 10 umoles of KH2PO4 (pH 6.0), 28 pg (dry weight) of albumin-treated cell walls [25 nmoles of cell wall 32PO4, prepared as described previously (6) ], 100 pg of bovine plasma albumin, and 0.5 to 1.5 units of enzyme per ml of reaction mixture. Before addition of the cell walls and enzyme, the pH level of the mixture was adjusted to 6.0 with KOH. Enzyme was always added last to the reaction mixture. Incubation was at 37 C for 20 min. The reaction mixture was chilled; 15 ml of water at 0 C was added and then filtered through a membrane filter (0.45 pm pore size; Millipore Corp.). Radioactivity was measured as described previously (6) Materials. Toluene, reagent-grade, was extracted three times with one-tenth volume of concentrated H2SO4, washed with water, 2 N Na2CO3, and again with water. After drying over calcium chloride, it was distilled. Pyridine, chloroform, and methanol were spectro-grade from Eastman Kodak. Ammonium sulfate (Mann Research Laboratories) was enzymegrade. Other chemicals were reagent-grade.
RESULTS
Solubility of the culture supernatant enzyme. The culture supernatant enzyme is insoluble at low salt concentration (0.01 M KPO4, pH 6.5) and soluble in the presence of 0.1 to 0.7 M sodium chloride. This property is readily observed by sucrose gradient fractionation (8) as shown in Fig. 2 . In 0.1 M NaCi, the enzyme sediments with an apparent molecular weight of 30,000. In 0.01 M sodium or potassium phosphate (pH 6.5), the enzyme sediments to the bottom of the tube. Most of the lytic activity is in the precipitate, whereas the bulk of the protein is in the lowmolecular-weight fraction (fractions 9, 10, and 11). Insoluble enzyme can be solubilized by suspension in 0.1 M to 0.7 M NaCl. This ability to solubilize and precipitate the enzyme with changes in the salt concentration has been used to provide the most important steps in the procedure used for purification of the enzyme. The lytic activity obtained by freezing and thawing of the cells (6) solubilizes and precipitates in a similar manner (Fig. 2) .
Purification of the culture supernatant enzyme. The purification procedure is outlined in Fig. 1 . Recovery and specific activity of the enzyme at various stages of purification are presented in Table 1 . The assay for lysis was satisfactory in the range of 0.1 to 5 units of enzyme, which gave linear function with respect to time ( Fig. 3 ) and enzyme concentration (Fig. 4) .
Mode of action. When the purified culture supernatant enzyme (S-5A) was incubated with S. aureus 8507 cell walls, N-terminal amino groups were released without the release of reducing groups (Fig. 5 ). In this experiment (curve A), 50 mg of alkaline-treated cell walls (CWO) was reacted with 4,900 units of S-5A for 8 hr (total volume, 42 ml). of the total. The balance of the color (37.5%) was from dinitrophenol (DNP-OH) and dinitrophenylamine (DNP-NH2). The rotation of the isolated DNP-alanine was compared to authentic DNP-D-and DNP-i-alanine by using a Perkin Elmer automatic polarimeter (model 141). The amount of material limited the accuracy of the determination. The observed rotation indicated the isolated material to be at least 75% DNP-Lalanine.
Properties of the purified lytic enzyme. The pH optimum of the enzyme is 6.1 in phosphate buffer. Near optimal activities are obtained in acetate, phosphate, and phosphite buffers from pH 5 to 7 (Fig. 6) (Fig. 7) . The significance of the diphasic nature demonstrated in Fig. 7 is not known. Magnesium chloride stimulates the reaction, reaching an optimal concentration at 0.03 to 0.04 M. Higher concentrations of magnesium inhibit the activity (Fig. 8) .
Magnesium-specific binding. When the S-5DL enzyme was incubated with cell walls at 0 C, there was an immediate uptake of 65 to 75% of the activity by the cell walls (Table 3 ). This uptake was not dependent on the presence of MgCl2 (0.04 M) as in the case of the AFZ enzyme (see Table 3 and reference 6). AFZ absorption to cell walls was 44% in the presence of MgC12 (0.04 M) and 1 % in the absence of magnesium. AFZ does a The reaction mixture was the same as that used for the standard lytic assay. After the indicated absorption period at 0 C, each mixture was centrifuged for 10 min at 20,000 rev/min in a Spinco SW 39 swinging-bucket rotor at 0 C. The final volume of the reaction mixture was 4.0 ml. The supernatant fluid (S-1) was assayed for unabsorbed enzyme by using the standard assay for lytic enzyme. The enzyme absorbed onto the 32p_ labeled cell wall precipitate (P-1) was assayed by incubating the resuspended cell wall precipitate (28 jg/ml) under the conditions used for the standard assay for lytic enzyme. The percentage absorption was (S-1 units)/(S-1 units + P-1 units) X 100.
b Bovine plasma albumin (BSA) concentration, 0.012 mg/ml. not contain an inhibitor for the absorption of S-5DL to cell walls in the absence of magnesium, since S-5DL still absorbed when premixed with AFZ before addition to the cell walls (Table 4 , experiment 4). The portion of S-5DL which did not initially absorb to cell walls was not the result of the establishment of an equilibrium between absorbed and unabsorbed enzyme, since a second addition of cell walls did not further absorb out any enzyme (Table 4 , experiment 3; compare S-1 with S-2 and P-2).
Specificity of the enzyme toward other cell wals. The relative rate of turbidity reduction of various species of cell walls by the S-5DL enzyme is compared in Table 5 . It is of interest that the parent organism (8507) had a lysis rate with the S-5DL enzyme which was less than 50% that of any other strain. This suggests that the enzyme acts in a more controlled manner when lysing homologous cell walls. It would be interesting to see whether enzyme from the culture fluids of Table 3. b S-5DL (1.75 units) was incubated with or without 1.37 units of AFZ, with the AFZ added last. In the tube with S-5DL + Mg, a portion of the supernatant S-1 was reabsorbed with 28 jug of cell wall per ml. The activity in S-2 and P-2 was determined in the same manner as S-1 and P-1, respectively. c S-5DL (2.3 units) was incubated alone or premixed with 8.70 units of AFZ before addition to the reaction mixture containing cell walls. other S. aureus strains also discriminates against the parent cell walls. The differences in the rate of turbidity reduction probably reflect differences in the affinity of the S-5DL enzyme for the various cell walls as well as differences in the ratio of turbidity to content of L-alanine-muramic acid bond. DISCUSSION An autolysin obtained from culture supernatants of S. aureus has been purified to the level of 11,000 units per mg of protein. This represents a 1,000-to 3,000-fold purification, depending on the batch of culture supernatant. The major activity detected in the S-5A enzyme preparation was N-acetylmuramyl-L-alanine amidase. Suginaka et al. (16) have purified a lytic enzyme (ALE) from S. epidermidis culture supernatants to an equal potency as S-5DL amidase. This ALE enzyme contained equal amounts of N-acetylmuramyl-L-alanine amidase and a glycylglycine endopeptidase (17) . Less than 10% of the activity in S-5DL could have been due to splitting of the pentaglycine cross-bridge. An endo-acetylglucosaminidase was reported by Tipper (19) to be associated with cell walls. There was no evidence for the presence of this enzyme in S-5DL. The glycyl-glycine endopeptidase and the endo-acetylglucosaminidase activities may be present in the crude culture fluid and account for the fact that never more than 20 % of the original lytic activity can be isolated in the final 11,000 units per mg of protein preparation. Wadstrom and Hisatsune (personal communication) partially purified an endo-,B-N-acetylglucosaminidase from the culture supernatants of S. aureus M18.
It is clear from the studies of enzyme binding to walls that the majority of the S-5DL enzyme which rapidly absorbs to cell walls at 0 C in the absence of magnesium is different from the AFZ enzyme, since the latter does not absorb or inhibit the absorption of S-5DL to cell walls in the absence of magnesium. Magnesium ion was required for the absorption of the AFZ enzyme to cell walls but had no effect on absorption of the S-5DL enzyme. In the presence of magnesium, only 66% of the S-5DL enzyme activity absorbed to the cell wall. A second treatment with cell wall did not further absorb any enzyme. This suggests that either the enzyme which absorbs is different from that which does not absorb or the binding properties of a portion of the enzyme are altered by the first treatment with cell walls. Shockman and Cheney (14) have shown that the muramidase from S. faecalis cell walls is incompletely (87%) absorbed to cell walls.
It is reasonable to suppose that if either the S-5DL enzyme, which binds to cell walls, or the AFZ enzyme, which binds in the presence of magnesium, is present in the cells at the time of disruption, it might be absorbed to the cell wall and be indistinguishable from a lytic enzyme already attached. It is therefore difficult to be certain that the mechanism of autolysis of isolated cell walls of S. aureus (19) represents the true picture in vivo. In a careful study of the autolysin of S. faecalis, Pooley and Shockman (10) were able to determine the amount of unbound latent autolysin present in cells. They mixed unlabeled cell walls (treated with sodium decyl sulfate to inactivate autolysin bound to the cell walls) with "IC-labeled cells in various proportions during disruption. The cell walls were isolated and the rate of release of "IC was determined. Latent autolysin content was plotted against the per cent of 14C in the isolated cell wall. Extrapolation to zero per cent 14C showed that the amount of latent autolysin originally bound to the cell wall was only 15 % of maximal at 100% "IC. It was previously demonstrated that all the measurable latent autolysin was in the cell wall fraction. Thus, 85 % of the soluble latent autolysin rapidly binds to the cell wall during disruption. In S. aureus 8507, the majority of the lytic enzyme attached to isolated cell walls is unaffected by the presence of inactivated walls during disruption and therefore must be attached to the cell walls in vivo (Huff, in preparation) . It was demonstrated that the level of autolysin present in S. faecalis is dependent on growth medium and temperature (12) as well as phase of growth (13) . The rates of autolysis of several strains of S. aureus cells were compared (9) . The presence of autolytic enzymes in S. aureus was reported in several laboratories (9, 6, 19, 20) . The possible manner in which autolysins are linked to growth and cell division has been discussed (9, 13) . Hydrolysis by amidase could act coordinately with polymerization of peptidoglycan (19) to form the head-to-tail type of bond present in Micrococcus lysodeikticus (5, 11) . As yet there is no evidence for the presence of such a linkage in S. aureus. An amidase could (i) make a cell wall more flexible by decreasing the number of cross-linkages, (ii) open gaps in the murein network to allow absorption and excretion of large-molecular-weight compounds, (iii) lyse bridging wall material between daughter cells, thus allowing cell separation.
Autolysins were reported to occur in a wide variety of bacteria (15) . However, we are not aware of any study within any bacterial species which determines whether autolysis is a general characteristic found in all strains. Both the general rule and the exceptions would be important points to establish in this study. It has been generally observed that most strains of streptococcus do not autolyze. The group H streptococcus studied here did not autolyze, and the cell walls obtained from these cells showed no evidence for autolysis. It may be that some organisms or groups of organisms do not need autolysins for normal growth. Such autolysins may be under strong control or are highly unstable so that they are difficult to demonstrate. In the present study, nine different strains of S. aureus showed measurable autolytic enzyme present in the cell walls, with values occurring in a 50-fold range. Since the susceptibility of H, 2476, Oxford, and 1159 strains to lysis by the S-5DL amidase was about the same but the autolysin content varied from 0.8 to 10.8, it would appear that some of the variation in autolysis may be due to differences in content of autolytic enzyme. Some of the observed differences in autolysis rate may be due to strain differences in cell wall structure or degree of cross-linking, since strain 968 which showed a high autolysis rate was also much more quickly lysed by the S-5DL amidase.
